The reorientation mechanism of core-shell nanowires is investigated and our theoretical studies reveal the significance of the structural configuration. In nanowires which have a larger lattice in the core region than in the shell, for example, Au-core and Pd-shell, the surface stress and interfacial stress may synergistically cause them to reorient spontaneously, but they can revert back to the original state upon an appropriate tensile loading. In contrast, the misfit interface is detrimental to spontaneous reorientation in nanowires which have a smaller lattice in the core than in the shell such as the Pd-core and Au-shell structure, but uniaxial tensile loading causes the nanowires to transform in another way. This asymmetrical reorientation is caused by the different intrinsic stress as well as distinctive slipping characteristics, namely partial slipping and perfect slipping in the compressive and tensile processes.
Introduction
Surface tension may induce a certain level of intrinsic compressive stress in the interior of nanowires in the equilibrium state, as shown schematically in figure 1, and this compressive stress is inversely proportional to the transverse size of the nanowires [1] . When the width diminishes to several atomic layers, the compressive stress will increase up to the order of a GPa or even tens of GPa. In this case, nanowires such as Cu [2] [3] [4] [5] , Ag [6] , Au [3] , Ni [3, 4] , and so on may transform from the 001 orientation to the 011 one, with the longitudinal length reduced greatly. These transformed nanowires can revert back to the original 001 orientation under an appropriate uniaxial tensile load. When the applied tensile stress is removed, the nanowires will transform back to the 011 orientation again. This process can occur repetitively, and the behavior is called pseudoelasticity [2] [3] [4] . Here, the reversible strain can exceed 40%, the sustainable tensile stress can reach several GPa, and the response time is on the order of nanoseconds. These unique properties render metal nanowires a good candidate as 3 Authors to whom any correspondence should be addressed.
self-healing materials in nanoscale electromechanical systems (NEMS).
However, the aforementioned pseudo-elastic behavior can only take place in nanowires with feature sizes smaller than a critical value that is typically several atomic layers in one dimension. Extension of the size range is therefore a key issue with regard to their potential applications in NEMS. In laminated composite structures, besides surface tension, the interfacial effect may be another dominant factor influencing the mechanical behavior. We have previously demonstrated by molecular dynamics (MD) simulation that the critical wire width for spontaneous reorientation [7] and consequent pseudo-elasticity [8] can be expanded by the assistance of interfacial stress in multilayer structures. Core-shell structures may be another candidate for that purpose. For a combination involving two elements, such as I and II, there are usually two core-shell structural configurations, one with I as the core and II as the shell (I-core-II-shell) and vice versa (II-core-Ishell). In this case, the structural difference will affect their reorientation as well as mechanical behaviors significantly. In this work, we perform a theoretical evaluation on this issue by means of MD simulation using the Au-Pd combination as an example. 
Modeling methodology
In the MD simulation, the interaction among atoms is described by a semi-empirical many-body potential, embedded-atom method (EAM) [9, 10] .
We use in this work the parameterization proposed by Foiles et al [11] for the embedding potential F(ρ) and for the effective electronic density ρ(r ), and the relevant parameters are determined empirically by fitting the sublimation energy, equilibrium lattice constant, elastic constants, and vacancy-formation energies of the pure metals and the heats of solution of the binary alloys [11] . This parameterization for the Au-Pd alloy has been applied to investigate the effect of an epitaxial monolayer on the surface stress [12] , generation of palladium clusters on Au (111) electrodes [13] , and the structure and stability of palladium adlayers on Au [14] , as well as surface segregation [15] [16] [17] . In the Au-core-Pd-shell configuration, Au nanowires with an (001) square cross section surrounded by {100} side surfaces are established at first according to the bulk Au lattice. Pd epitaxial layers of certain thicknesses are then added symmetrically around the Au-core region. This process is opposite for the Pd-core-Au-shell configuration. The width of the core regions is 7 lattice units in these two types of structure. The former has a Pd-shell width of 2.5 lattice units, whereas the latter has an Au-shell width of 1.5 lattice units. The total width of the Au-core-Pd-shell nanowires is therefore 12 lattice units, and that of Pd-core-Au-shell nanowires is 10 lattice units. They are much larger than the critical wire width required for spontaneous reorientation in single-element nanowires. The dimensions of the system are kept periodic and a vacuum region is added to each transverse direction so that the atoms near one side surface of the nanowires do not interact with those on the opposite surface. Static energy minimization is first performed on the nanowires according to the conjugate gradient algorithm for 500 picoseconds (ps). A dynamic process is then simulated with or without external loads at 100, 200, 300, 400, and 500 K. The atomic positions and velocities are updated at each time step (0.001 ps) using the Nose-Hoover temperature thermostat and Nose-Hoover pressure barostat. This creates a system trajectory consistent with the isothermal-isobaric ensemble [18] .
Results and discussion
The lattice constant of Au (4.08Å) is larger than that of Pd (3.89Å), and so there is interfacial misfit between the core and shell regions. This may produce additional interface stress and thus affect the mechanical behaviors of the corresponding materials. It should be noted that the intrinsic compressive and tensile stress values are denoted as positive and negative, respectively, and the nominal strain is relative to the initial state of the nanowires.
In nanowires with a larger lattice in the core region than in the shell region, for instance, Au-core-Pd-shell, the epitaxial layers on the substrate should experience expanded lattices which consequently will apply additional compressive stress to the core region. As shown in figure 2, the initial stress values of the Au-core-Pd-shell nanowires are much larger than those of the Au nanowires with the same feature size at any temperature. This makes it possible for larger nanowires to transform spontaneously from the initial 001 orientation after having undergone static relaxation, as shown in figure 3(a) . The results are similar to those of multilayer nanowires [7] . Because the compressive Schmidt factor of the trailing partials (0.24) is smaller than that of the leading partials (0.47) in the [001] oriented nanowires [19] , only 1 6 (111)/[112] leading Shockley partial dislocations nucleate from the edges and propagate into the nanowires along the longer diagonal line AB of the {111} cross section ADBC as shown in figure 1 . Furthermore, almost no trailing partial dislocation follows, and consequently, stacking faults emerge. The {111} side surfaces appear in the middle region, enclosed by red solid lines in figure 3(b) , and the middle region is twinned with two adjacent regions. As time elapses, more atoms undergo mechanical slipping via boundary propagation and the {111} regions become larger and larger. Finally, the 001 nanowires reorient into 011 ones surrounded by {111} side surfaces, as shown in figure 3(c) , and the cross section becomes prismatic without defects, which is similar to the results in [1] [2] [3] 5] . In the beginning, the stress decreases from a positive value at zero strain (indicated by 'a') linearly to a negative value at a strain of 5%-10% (indicated by 'b'), as shown in figure 4 , suggesting initial elastic deformation, and then the stress increases sharply due to the nucleation of partial dislocations, as indicated by the segments b-c of the curves. Afterward, the partial dislocations propagate homogeneously, as demonstrated by the corresponding stress-strain segments. After the nanowires transform into the 011 orientation completely, the atoms still possess considerable momentum, and they oscillate around their equilibrium positions (indicated by 'd') greatly at this stage, thereby giving rise to the intense oscillation at the final portion of the stress-strain curves. The longitudinal length of the nanowires shrinks about 30% relative to the original 001 nanowires on a whole.
Subsequently, the time step is reset to 0, and an appropriate tensile stress is applied to the 011 nanowires so that they are stretched at a strain rate of 2.5 × 10 8 s −1 until reaching a total strain of 50% relative to the transformed 011 nanowires. The tensile stress varies along with the increasing strain, and the corresponding stress-strain relationship is also shown in figure 4 . Obviously, the 011 nanowires also deform elastically in the early stage (d-e segments) and then several crystal planes indicated by the red solid lines in figure 3(d) slip relative to each other. The partial dislocations nucleate and the nanowires begin to yield. This is confirmed by the sharp drop of the stress at point 'e'. As time elapses, the nanowires revert back to 001 surrounded by the {100} side surfaces through the inverse propagation of 1 6 (111)/[112] partial dislocations. The stress-strain curves become gentle, and the {111} side surfaces vanish gradually ( figure 3(e) ). Finally, the 001 nanowires are restored completely ( figure 3(f) ). The results demonstrate the possibility of expanding the critical size for spontaneous reorientation and pseudo-elasticity of nanowires possessing bimetal core-shell structures. The initial intrinsic stress in the nanowires can be adjusted by changing the relative thicknesses of the core and shell regions, and the critical wire widths for spontaneous reorientation may also be altered. We denote the width of the shell region and the total width of the nanowire by l and l, respectively, and the interface stress and surface stress of the core-shell system by f 1 and f 2 , respectively. In such a case, the intrinsic compressive stress in the system can be expressed as
(1) For the given core-shell system, f 1 and f 2 are constants. If the total width l is also a constant, it is obvious from equation (1) that the intrinsic compressive stress will be reduced for the smaller core region or the thicker shell region l, and consequently the reorientation may become more difficult. Therefore, a larger core region as well as a thinner shell region is favorable for size extension of the nanowire which can reorient spontaneously. For a given shell thickness l, let the partial derivative of the intrinsic stress relative to l equal zero; we can obtain the size of the inner core (l − 2 l) at which the intrinsic stress is the largest, that is,
However, it is not necessarily the critical size because the stress required for the spontaneous reorientation of the nanowires is not known. In addition, the actual critical size cannot be expanded infinitely because of the entanglement and interaction of the twin boundaries and stacking faults at multiple sites and along multiple directions [3] . A higher temperature usually enhances the individual behavior of atoms, particularly in smaller nanowires. Therefore, point defects will emerge to impede the regular slips of the crystal planes, consequently affecting the pseudo-elasticity.
In nanowires with a smaller lattice in the core region than in the shell region, such as the Pd-core-Au-shell configuration, the lattice in the Au epitaxial layers is compressed and has the tendency to expand. As a result, the Au layers exert additional tensile stress on the core region, thus reducing the intrinsic compressive stress induced by surface tension, as illustrated in figure 2 . From this point of view, the interfacial misfit is detrimental to the spontaneous reorientation of the Pd-coreAu-shell nanowires from 001 to 011 . After 1000 ps, the Pd-core-Au-shell nanowires are still in the original state, as shown in figure 5(a) , although their feature sizes are smaller than those of the Au-core-Pd-shell nanowires. Uniaxial tensile loading is applied at a strain rate of 2.5 × 10 8 s −1 up to a total strain of 50% relative to the equilibrium 001 nanowires. In the initial stage, the nanowires deform elastically, consistent with the linear stress-strain relationship, the a-b segments, illustrated in figure 6 . The elastic modulus, that is, the slope of the linear segment, decreases slightly at higher temperatures due to thermal softening. At a strain of about 10% (indicated by 'c'), the stress decreases suddenly, corresponding to necking in one transverse direction ( figure 5(b) ). Then the crystal planes begin to slip near the necking. A higher temperature can activate a larger volume and thus the yield stress is lowered. In the case of tensile loading on the 001 nanowires, the trailing Schmidt factor (0.47) is higher than the leading Schmidt factor (0.24) [19] , and so perfect 1 2 (111)/[110] slips can be formed by two sequential (leading and trailing) 1 6 (111)/[112] partials on the same {111} plane. The perfect slips are in fact along the edges AD or AC of the prismatic cross section ADBC in figure 1 . The necking spreads gradually ( figure 5(c) ) and finally, the 11 2 oriented nanowires are formed with two {111} side surfaces and two {110} side surfaces ( figure 5(d) ). The cross sections vary gradually from the initial square shape to the final rectangular one, as shown at the bottom of figure 5. The stress varies smoothly during the transformation. If the tensile strain is increased further from Figure 6 . The stress-strain curves of the Pd-core-Au-shell nanowires during tensile loading. about 25% (indicated by 'd'), the 11 2 nanowires begin to deform elastically, as indicated by the new linear increment of the stress, the d-e segments of the curves. The stress decreases sharply at a strain of about 30% (indicated by 'f') and plastic deformation takes place again. Afterward, tensile loading leads to the fracture of the nanowires at some regions shown in figure 5 (e). However, the transformed 11 2 nanowires are not observed at 500 K, as indicated by the absence of the second linear increment in the stress. This may be due to the influence of defects at higher temperature. In general, our results show that it is crucial to select an appropriate configuration in order to obtain the expected mechanical properties of bimetal core-shell nanowires. Although bimetal core-shell nanowires can now be fabricated by templateassisted electrodeposition [20, 21] , seed-mediated growth [22] , or by galvanic replacement reaction [23] , the nanowires usually have diameters of at least tens of nanometers, and the shell region of them is almost polycrystalline. Therefore, it is very difficult to realize or validate our idea experimentally at present.
Conclusions
The interfacial effects of core-shell structures can increase the critical feature size of nanowires in order that spontaneous transformation from one orientation to another can occur. Using the Au-Pd combination as an example, a molecular dynamics simulation is conducted to corroborate this concept, and two sets of results are obtained. When the lattice of the shell region is smaller than that of the core region, for instance, in Au-core-Pd-shell nanowires, the interfacial misfit promotes spontaneous reorientation from 001 to 011 . Moreover, the transformed 011 nanowires can revert back to the original 001 orientation upon appropriate tensile loading. However, if the lattice of the shell region is larger than that of the core region, as in Pd-core-Au-shell nanowires, the interfacial misfit impedes spontaneous reorientation, but under uniaxial tensile loading, the 001 nanowires can transform to 11 2 ones. This asymmetrical reorientation is dominated by the distinct intrinsic stress in the nanowires and the different slipping behavior during the tensile and compressive processes. It is concluded that these two dominant factors as well as temperature effect should be taken into account when designing composite self-healing materials used in NEMS.
